To study the mechanism of lactose adaptation, several trials were carried out using original non-adapted and lactose-adapted callus cultures of Japanese morning-glory (Pharbitis nil L. var Violet). In both types of cells the activities of lactase, UDPgalppase, UDPGppase and UDPgaI epimerase were present. Non-adapted cells thus appeared to be potentially capable of lactose metabolism.
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However, UDPgaI epimerase activity in these cells was very low and cell wall lactase activity was about 30% of that of the lactose-adapted cells. When lactose-adapted cells were cultured on lactose medium, the glucose content remained low and galactose high throughout the culture period. Thus, it appears that these cells preferentially utilized the glucose moiety over galactose. Contents of G-6-P, G-1-P and Gal-1-P in galactose-grown original cells increased about 3 times over those in sucrose-grown original cells. UDPG and UDPgaI contents increased about 1.5 times and only marginally, respectively, over those of sucrose-grown original cells. In comparison, the contents of G-6-P, G-1-P and Gal-1-P in galactose-grown lactose-adapted cells increased about two times over those of sucrose-grown original cells and decreased by about 20% of those of galactose-grown original cells. This suggests that the adapted cells have a greater capacity to metabolize lactose and galactose than the non-adapted cells. Based on these results, inhibition by lactose and galactose, and adaptation to galactose and lactose are discussed.
Although cultured cells generally grow best on sucrose or glucose as carbon/energy sources, they are capable of growing on a variety of other carbohydrates.1-3) Plant cells can become adapted and grow on D-galactose4) and the oligosaccharides melibiose,5,6) lactose,7-11) raffinose6,12,13) and stachyose6,14) that contain D-galactose. In the free state galactose is usually toxic to cultured tissues,3) and normally most plant cells do not come into contact with these galactose-containing substances. 15) A few years ago, we isolated a lactose-adapted cell line from lactose-sensitive cells of Japanese morning-glory.11) The adapted cells could utilize lactose as the sole carbon source. The nonadapted cells grew on sucrose, but could not grow on lactose or galactose, while the adapted cells grew better on lactose than sucrose, and could also grow on galactose as sole carbon source. The mechanism of lactose metabolism in lactose-adapted cells has been proposed in 
Materials and Methods
Plant material. Lactose-adapted and non-adapted cells of Japanese morning-glory (Pharbitis nil L. var. Violet) were cultured in a medium containing Murashige-Skoog's basal salts, yeast extract (0.3%w/v), agar 0.75% and carbohydrate (3%w/v). 16) Cultures of lactoseadapted and non-adapted cells were grown on lactose and sucrose respectively, except as indicated in different experiments. The stock cells were subcultured at 2 week intervals.
Extraction of sugars and sugar phosphates. Methods were based on the previously reported procedure16) and that of Young and Bieleski.17) Assay of sugars and sugar phosphates. Glucose,18) fructose,19) sucrose20) and lactose21) were measured spectrophotometrically.
G-6-P,22) G-1-P,23) Gal-1-P,24) UDPG25) and UDPgal26) were also measured spectrophotometrically.
Enzyme extraction and assays. Cells (2g) were homogenized with 5ml of 100mM Tris-HC1 buffer (pH 7.5) containing 10mM mercaptoethanol in a cold teflon homogenizer.
The homogenate was centrifuged at 10,000xl for 15min. The extraction was repeated thrice and supernatants were collected. The solution was dialyzed against 6l of 10mM Tris-HC1 buffer (pH 7.5) containing 1mM mercaptoethanol for 7hr. After dialysis, the solution was centrifuged at 15,000xg for 20min. The supernatant fraction was used as the cytoplasmic fraction.16) The initial precipitate was washed with cold water by centrifugation and suspended in 4ml of cold water. The suspension was used as the cell wall fraction.
The standard reaction mixture for lactase (EC 3.2.1.23) activity contained 2 pmol of lactose, 20amol of McIlvain (citrate-Na2HPO4) buffer (pH 4.5), and an appropriate volume of the enzyme preparation in a total volume of 200 pl. Reducing sugars were measured spectrophotometrically.21) The standard reaction mixture for galactokinase (EC 2.7.1.6) contained 3pmol of ATP, 3pmol of n-galactose, 4amol of MgC12, 12pmol of NaF, 20pmol of TrisHCl buffer (pH 7.5) and an appropriate volume of enzyme preparation in a total volume of 300fl.
Galactose-1-phosphate was measured spectrophotometrically.24)
The standard reaction mixture of UDPgalppase (EC 2.7.7.10) contained 2pmol of UTP, 2pmol of gal-1-P, 4amol of MgC12, 12pmol of NaF, 12pmol of glycine buffer (pH 9.0) and an appropriate volume of the enzyme preparation in a total volume of 200pl. UDPgaI was measured spectrophotometrically.26) The standard reaction mixture for UDPGppase (EC 2.7.7.9) contained 2pmol of UTP, 2pmol of G-1-P, 2umol of MgC12, 12pmol of NaF, 12pmol of glycine buffer (pH 8.0) and an appropriate volume of enzyme preparation in a total volume of 200pl. UDPG was measured spectrophotometrically. 25) The standard reaction mixture for UDPG epimerase activity contained 2pmol of UDPgal, 16imol of glycine buffer (pH 9.0) and an appropriate volume of enzyme preparation in a total volume of 200pl. UDPG was measured spectrophotometrically.25) Methods used to detect galactose dehydrogenase (EC 1.1.1.48) and UDPgaI uridyltransferase (EC 2.7.7.12) were based on procedures of Kurtz and Wallenfels, 27) and Zollner and Heuckenkamp24), respectively. One enzyme unit is defined as the amount of enzyme which hydrolyzed 1pmol of substrate or formed 1imol of product in 1min in 100al of standard reaction mixture at 35C.
Results and Discussion
Occurrence and cellular distribution of some enzymes involved in lactose metabolism
The occurrence and cellular distribution of some enzymes involved in lactose metabolism were compared in original and lactose-adapted cells of Japanese morning-glory. The results are given in Table 1 . The data for the lactose-adapted cells are similar to those published previously.16) However, at that time the cell line was 3 years old and the present data were obtained from a 4 year-old cell line, thus indicating the stability of the line in culture. Only lactase activity was present in both cell wall and cytoplasmic fractions of original and lactoseadapted cells. Galactokinase, UDPgalppase, UDPGppase and UDPgaI epimerase activities were detected only in cytoplasmic fractions of both cells. However, the activity of UDPgal epimerase in the non-adapted cells varied from a trace to a very low level. Galactose dehydrogenase and uridyl transferase activities were not detected in either type of cell. Cytoplasmic lactase, galactokinase, UDPgalppase and UDPGppase activities in non-adapted cells were almost equal to those in lactose-adapted cells. However, cell wall lactase and cytoplasmic UDPgaI epimerase activities of the original cells were less than 30 and 18%, respectively, of those in the lactose-adapted line.
A previous report proposed a scheme for lactose metabolism in lactose-adapted cells of Japanese morning-glory. 16> In the scheme, lactose was hydrolyzed prior to its penetration across the cell membrane by cell wall-bound lactase (b-galactosidase). In the cells, the monosaccharides were converted to sucrose. Galactose utilization involved phosphorylation by galactokinase and transformation into UDPgaI and UDPG by UDPgalppase and UDPgaI epimerase, respectively. The UDPgaI could also be used in cell wall formation. The conversion of glucose to sucrose was the same in both the lactose-adapted and the non-adapted morning-glory cell lines. Glucose utilization involved phosphorylation by hexokinase and transformation into UDPG by UDPGppase.
UDPG was used for sucrose synthesis.28) The present results suggest that the original cells have a system which is apparently sufficient to utilize lactose. However, it is suspected that these cells take up lactose at a slower rate that the lactose-adapted cells, probably due to the low cell wall lactase. In addition, lactose (galactose) metabolism may be limited by the epimerase reaction. These conclusions however do not indicate why galactose toxicity leading to necrosis should occur in the majority of the original cells.11) Table 1 . Occurrence and cellular distribution of some enzymes (m unit.g-1FW)
of lactose metabolism in 10 day-old Japanese morning-glory callus.
T: trace activity Changes in carbohydrate contents during culture Changes of sugar contents in cells and medium of the original cell culture have been reported previously.29) In the present study changes of the sugar content in cells and medium of lactose-adapted cell culture were examined during the culture period. The results are given in Table 2 . The growth curve of lactose-adapted cells was similar to that of non-adapted cells. However, generally speaking, changes in sugar contents of cells and medium of lactoseadapted cells were different from those of the original cells.
At the start of culture, about 15% of the lactose was hydrolyzed by autoclaving. Repeated experiments revealed that usually less than 10% of lactose was hydrolyzed by autoclaving. Less than 10% of the medium sucrose was also hydrolyzed. In culture about 20% of the lactose was hydrolyzed by day 10 ( Table 2) , while 80% of the sucrose was hydrolyzed by the same day.29) Similarly, about 30% of the lactose remained while only 6% of the sucrose was left at day 20 in culture.29) Therefore, the medium lactose was apparently hydrolyzed more slowly than sucrose.
In the medium, the ratio of glucose to galactose was about 1 throughout the culture period, suggesting that the monosaccharides were derived from lactose. No lactose was present in the cells at any stage of the culture period. This finding supports the lactose transport mechanism reported previously,16) namely that uptake required prior hydrolysis.
From the medium of the non-adapted cells, preferential uptake of glucose over fructose was observed,29) while here almost equal uptake of glucose and galactose was observed from the medium by the lactose-adapted cells (Table 2 ). Medium sucrose decreased and conversely reducing sugars increased with culture age of the non-adapted cells.29) On the other hand, medium lactose decreased slowly, and reducing sugars did not increase at any stage of culture of the adapted cells (Table 2) . Furthermore, early in culture reducing sugars decreased, and in the cytoplasm, glucose, fructose, galactose and sucrose were present throughout the culture period, while no lactose could be detected.
The previous report showed that around day 4, active cell division occurred and cell number increased.29) Cells need energy for this process. In the present experiment, microscopically clusters of small cells were also observed around day 4, suggesting active cell division. Glucose content was lower than other free sugars examined throughout the culture period. This may Table 2 . Sugar contents of cytoplasm (pmol.g-1FW) and medium (pmol)g-1) during culture and growth (g. flask-1) of lactose-adapted Japanese morning-glory callus.
suggest a more active role for glucose among free sugars in energy supply. The glucose moiety of lactose was apparently preferentially metabolized to the galactose moiety (Table 2) . Around day 4, the glucose content dropped to its lowest level, while it remained constant at other culture stages. Fructose and sucrose also decreased at day 4 in the cultures. The decrease in the content of these three sugars may be due to the energy demand of cell division. In contrast, at day 4, the galactose content increased. This may suggest that galactose may have a different role than the other free sugars. The galactose content reached a maximum at day 8 and dropped at day 12. At around day 12, cell expansion and active cell wall synthesis are probably occurring. Thus, the decrease may indicate the need for cell wall components.
Contents of metabolic intermediates of cells grown on different kinds of sugars
The contents of sugar phosphates and nucleotide sugars involved in lactose metabolism were compared among the cells grown on different sugars. Based on the preceding experiments (Table 2 ), cells at the metabolically very active stage (day 4) were selected. The results are given in Table 3 .
When non-adapted cells were grown on galactose, the contents of phosphomonosaccharides such as G-6-P, G-1-P and Gal-1-P, increased about 3 times and the contents of nucleotide sugars such as UDPG and UDPgaI increased about 1.5 times and only a little, respectively, over those of sucrose grown original cells.29) When the non-adapted cells were grown on lactose, the content of phosphomonosaccharides increased twice and the content of nucleotide sugars increased only a little over those of sucrose-grown original cells. As the original cells had the enzymes needed for lactose metabolism (Table 1) , a major part of the metabolic intermediates were presumably derived from medium galactose or lactose.
Galactose appeared to be metabolically inactive even in lactose-adapted cells until day 8 (Table 2) . Also, even in lactose-adapted cells, the content of each metabolic intermediate was lower in lactose-grown cells than in galactose-grown cells (Table 3) . These results support the idea that lactose-adapted cells utilize the glucose moiety of lactose more efficiently than the galactose moiety (Table 2) .
Low epimerase activity in galactose-sensitive original cells of sugar cane resulted in the accumulation of galactose and UDPgaI on the galactose containing medium.4) In contrast, appropriate epimerase activity of the galactose-adapted cells of sugar cane prevented the accumulation of galactose and UDPgaI. UDPgaI accumulation resulted in necrotic symptoms and adaptation of sugar cane cells to galactose was due apparently to increased epimerase activity.
In the present study, it appears that the low epimerase activity of the non-adapted cells did not cause a marked accumulation of UDPgaI, when the cells were cultured on galactosecontaining medium (Table 1, 3) . It also appears that the appropriate epimerase activity in Table 3 . Contents (nmol.g-1FW) of metabolic intermediates among the cells of Japanese morning-glory grown for 4 days on different carbohydrates.
adapted cells caused only a slight decrease in contents of UDPgal, Gal-1-P and other sugar phosphates (Tables 1, 3 ). The mechanisms of inhibition of morning-glory cell growth by galactose and adaptation to galactose or lactose apparently differ from those of sugar cane. In mammalian galactosemia, lack of uridyl transferase and galactokinase activities are thought to be due to marked accumulation of Gal-1-P and galactitol, respectively.30) The accumulation of Gal-1-P probably results in the typical symptoms. As in the mammalian galactosemia, Gal-1-P content increased in non-adapted cells of Japanese morning-glory when the cells were cultured on galactose or lactose (Table 3) . However, the level of Gal-1-P in galactose-grown original cells was similar to those of G-1-P and G-6-P (Table 3) . Also, there was no difference in galactokinase activity between the adapted and non-adapted cells (Table 1) . The mechanisms of galactose-or lactose-adaptation and inhibition in morning-glory cells therefore apparently differ from those of mammals. The contents of sugar phosphates in galactose-and lactose-grown adapted cells were lower than those in galactose-and lactosegrown original cells (Table 3) . Thus, the adapted cells apparently metabolize lactose and galactose more efficiently than the original cells.
Enzymes to metabolize lactose were present in the original cells. However, this capacity was not realized initially, and only with continuous subculture in the presence of lactose was a population of cells capable of efficiently growing on lactose obtained.11) Adaptation produced increased capacity of the lactose metabolizing enzymes, but the increases were less than those obtained with lactose-adapted sugar cane.4) Thus, the adaptation of Japanese morning-glory cells to lactose appears, therefore, to involve functional activation of the lactosemetabolism enzyme system.
